Abstract. Concrete-filled double skin steel tubular (CFDST) columns with three different diameters were exposed to fire following ASTM E-119 fire curve. The temperature was kept constant for 60 minutes after reaching 600°C. After the cooling down process, the columns were tested under concentric axial load condition until failure. Maximum loads, displacement and strain were recorded during testing. Failure patterns were observed. In this paper, failure patterns, increment or reduction of residual strength, ductility and stiffness are reported and discussed in details. All tested CFDST columns failed by local buckling and crushing of concrete. As expected, residual strength index (RSI) decreased with increased fire exposure time. Whereas, larger diameter heated specimen retain more than 50% of it corresponding room temperature secant stiffness. In addition, ductility index (DI) of larger diameter specimen shows an enhancement after fire exposure. Highest enhancement in DI was observed in 90 minutes fire exposure.
Introduction
Concrete-filled double skin steel tubular (CFDST) columns possess superior benefits when compared with concrete-filled steel tubular (CFST) columns. Therefore, CFDST columns have a great potential to be used as column in high rise structures [1] . Among the benefits of CFDST columns are light weight due to the presence of void at the center of the columns, high strength, bending stiffness and fire performance [1] [2] [3] . In addition to that, CFDST columns also have advantage in seismic resistance [2, 4] .
In Japan, CFDST columns were used as high-rise bridge piers in order to reduce the weight of the structure. Furthermore, CFDST sustained large energy absorption against earthquake loading when used as bridge piers [5] . Recently, Han et al. [6] reported that CFDST columns had been used as electrical pole in China. So far, the reported used of CFDST columns are only on outdoor construction even though CFDST columns have great potential as columns in high rise building. This might be due to relative few research studies regarding fire performance of CFDST columns thus; engineers are reluctant to use this type of column. To date, only four research studies on fire behavior of CFDST columns can be found in the literature [7] [8] [9] [10] . However, only two of the studies deals with experimental program, the other two were on numerical model of CFDST columns.
This research is focused on post-fire behavior of CFDST columns with three different diameters. CFDST columns were exposed to fire under ASTM E119 [11] standard fire curve for two different exposure time, namely 60 and 90 minutes. Failure patterns, residual strength, stiffness and ductility of fire-damaged columns are discussed. Furthermore, influence of diameter, exposure time towards temperature of inner steel and concrete core is discussed.
Experimental Program
Preparation of Specimens and Material Properties. 27 specimens with 3 different diameters were cast. Table 1 shows material properties of CFDST specimens used. Series 1, 2 and 3 indicates different outer tube diameter. There were 3 specimens for every specimens group thus every series contain 9 specimens. Thickness of outer and inner steel tube is 4 mm and 2 mm, respectively. Specimens were kept upright during casting and concrete were filled by layers. Poker vibrator was used to make sure the concrete filled in between the tube properly. With every mix, 6 100×100 mm cubes were cast together. The cubes were tested at 7 and 28 days. Specimens and concrete cubes were cured in the same manner. The compressive strength of concrete at 28 days is listed in Table 1 . 3 steel coupons per tube used were cut and tested according to ASTM E8/E8M-11.
Naming convention for each specimen is as follows; the first number indicates series, with 4 for Series 1, 5 for Series 2 and 6 for Series 3. The second notation C4 indicates the thickness of outer steel tube. Lastly, the last notation represent the exposure time of each specimen. Control represent specimens that were not heated, whereas, 60 and 90 indicates 60 minutes and 90 minutes fire exposure. Heating Regime. Specimens were heated in a gas-fired furnace at Concrete Laboratory in Universiti Sains Malaysia (USM) according to ASTM E-119 [11] until temperature of 600°C. After that, the temperature was kept constant until specified exposure time was reached. In order to measure the temperature of concrete during heating process, Thermocouple Type K was inserted into the concrete during casting process. Prior to heating process in the furnace, another Type K Thermocouple was inserted in the middle of column in order to measure the temperature of inner steel tube. The temperature of the furnace, concrete and inner steel tube was recorded during testing. Once the heating process completed, the lid of the furnace was opened and the specimen was left to cool down to ambient temperature inside the furnace.
Test Procedure. All specimens were subjected to concentric axial compression using Universal Testing Machine (UTM) with 2000 kN maximum capacity. The specimens were equipped with four 10 mm electrical strain gauge with 2 strain gauges in hoop direction and another 2 in vertical direction. All strain gauges were placed at mid-height of the sample at opposite face perpendicular to each other. Four linear variable displacement transducer (LVDTs) were placed at mid-height of the specimens to measure any lateral movement in tested specimens. A very small concrete shrinkage occurred at the top of the specimens during curing process. Therefore prior to testing, Applied Mechanics and Materials Vol. 802high strength epoxy was applied to fill the gap. After the epoxy was hardened, the surface of the specimens was smooth by using grinding wheel with diamond cutter.
Result and Discussion
Overall Behavior. Generally, there was not much different in appearance of steel in CFDST columns before and after exposure to fire for both of 60 and 90 minutes. However, the color of concrete inside the CFDST columns changed to whitish grey which indicates that the temperature of concrete exceeded 400°C. Maximum temperature during fire exposure is summarized in Table 2 . All results in Table 2 are average values from 3 tested specimens.
Failure mode of outer steel tube is an outward local buckling near the tube end (Figure 1 (a) ). This is due to the presence of concrete that suppresses the steel from buckling inward. Similarly, the inner steel tube also failed due to local buckling of steel tube corresponding to the location where local buckling of outer steel tube occurred. However, the local buckling of inner steel tube occurred in both directions, inward and outward as shown in Figure 1(c) . As for concrete, the failure occurred due to crushing of concrete due to local buckling of both outer and inner steel tube ( Figure  1 (b) ). Figure 2 shows time-temperature curve of two of the heated specimens. The patterns of time-temperature curve for other heated specimens are similar. The only difference is the maximum temperature of concrete and inner steel tube. The furnace temperature
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Modern Civil Engineering in Trend of the Sustainable Infrastructure Development was measured by four Type K Thermocouple coated with ceramic attached to the wall of the furnace. The recorded temperature of the furnace was quite unstable, however, according to ASTM E-119 tolerances, these values are acceptable. As can be seen in Figure 2 (a) and Figure 2 (b), there is a relatively flat plateau for timetemperature curve of concrete when the temperature varies between 100 to 200°C. There is no increment in temperature since the heat energy was used to turn water into gasses instead of raising the temperature of the concrete. The maximum temperature attained by inner steel tube is 538°C (Table 2 ). According to ASTM E-119, the critical temperature of steel column is 538°C. In other words, steel column starts losing its strength to carry load after the temperature of 538°C is reached. Therefore, inner steel tube of CFDST column was able to carry most of its load even after being exposed to fire for 90 minutes. Unlike unfilled steel column that starts to weakened and losing strength after only 15 to 30 minutes of fire exposure. In addition to that, the maximum temperature for concrete is 563°C. Even though the temperature of concrete after 90 minutes of fire is quite high, the concrete still retains half of its room temperature strength. Considering the fact that thickness of concrete is only 25 mm, the concrete still offers excellent fire protection to the inner steel tube.
An additional 30 minute of fire exposure time results in higher maximum temperature attained by both concrete and inner steel tube. This is to be expected since longer exposure time leads to higher heat absorption by the specimens thus increased the overall temperature. However, the increment in temperature of inner steel tube is as low as 7% for Series 2 and as high as 20% for Series 3. As for temperature of concrete, the increment for Series 2 and 3 is similar, which is 8%. It is interesting to note that, Series 1 shows reduction in temperature with increased in exposure time. However, the reduction in temperature is negligibly small. [12] was calculated in order to quantify the residual strength of CFDST columns. After exposure to fire, it is expected that the residual strength of the specimens will decrease. In Table 2 , it can be seen that the RSI for 4-C4-60 (Series 1) is negative which indicates gain in strength. However, the increment is only 2%. This might be related to reduction in temperature as discussed in previous section. Lower maximum temperature resulted in higher RSI. As for Series 2 (5-C4-60 and 5-C4-90), the RSI for cases of both fire exposure times is similar. Increased exposure time for this series did not affect the RSI. Meanwhile, RSI of Series 3 increased with the increase in exposure time.
It can be clearly seen that the secant stiffness of fire exposed CFDST columns reduces with an increase in exposure time. The reduction in secant stiffness is between 11% (Series 3-6-C4-60) to 64% (Series 1-4-C4-90) relative to the corresponding original room temperature secant stiffness. Series 3 was able to retain higher stiffness due to its large diameter as compared to other series. Larger diameter corresponds to larger mass of concrete thus higher heat absorption capacity by concrete. Among all the series, 90 minutes of fire exposure suffered larger reduction in secant stiffness as compared to 60 minutes. This is because of longer exposure time that further weakened the specimens.
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The calculated percentage of reduction/enhancement of Ductility Index, (DI) [13] from Series 3 (6-C4-60 and 6-C4-90) and 5-C4-90 is negative. This means, there is an increment in DI when the specimens were exposed to fire. In other words, the ductility of the fire exposed specimens increased when compared to un-heated specimens. However, DI was found to decrease with increased exposure time for Series 1.
Influence of Diameter and Exposure Time towards Concrete and Inner Steel Tube Temperature. Figure 3(a) shows the influence of diameter and fire exposure time on temperature of inner steel tube. For 60 minutes exposure, the inner steel tube temperature decreased with increasing diameter. However, longer fire exposure time seem to diminish this effect. Longer fire exposure time leads to higher heat absorption by the specimens and vice versa. Therefore, at 60 minutes, due to larger perimeter of the columns, the heat conductivity tends to heat up concrete slowly, thus lowering the temperature of inner steel tube. At 90 minutes, the surrounding concrete absorbs more heat. The concrete was unable to further protect the inner steel tube with just thickness of 25 mm. This phenomenon can be clearly seen in Figure 3(b) , where concrete temperature in 90 minutes is seem to continuously increase with increase in diameter. A slight drop in concrete temperature with increased diameter at 90 minutes is due to large perimeter of Series 3 specimens. Larger perimeter of specimens means greater mass of concrete thus slightly lowered the overall temperature of concrete. 
Conclusion
The following conclusion can be drawn from the experimental result:
1) The failure mode of outer steel tube, concrete and inner steel tube correspond to outward local buckling, crushing of concrete and outward and inward local buckling, respectively. The crushing of concrete and local buckling of inner steel tube occurred correspond to location of the local buckling of outer steel tube. 2) Residual Strength Index, RSI of Series 1 shows an increase in strength for 60 minutes fire exposure. While for Series 2, the RSI is similar for both 60 and 90 minutes of fire exposure. For Series 3, RSI of 90 minutes is 15% compared to 8% RSI for 60 minutes. 3) Reduction in secant stiffness for Series 1 and Series 2 is more than 50% of the corresponding room temperature secant stiffness. However, the reduction of secant stiffness of Series 3 is only 11% for 60 minutes and 36% for 90 minutes of fire exposure. CFDST columns with larger diameter were stiffer after fire exposure than CFDST columns with smaller diameter. 4) Series 2 and Series 3 showed enhancement in Ductility Index, DI after fire exposure, unlike Series 2, where 19% and 31% reduction in DI are observed after 60 and 90 minutes of fire, respectively. 5) For 60 minutes of fire exposure, temperature of inner steel tube and concrete decrease with increased diameter. Larger diameter columns possess greater mass of concrete thus lowering overall temperature. However, this patterns diminished with an increased in exposure time.
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